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study was made of the aerodynamic characteristics ofh wing tips, as well as experimented investigations
ncerning the mechantsm of the tip vortices and the lift/drag ratio of = wing fittdd with differently shepad
ng tips. Results show there are two ways in which the wing tips zffect flow and iurces ca a wing: ¢on-
iering the tip vortices the effective span of a wing does not coincide with the geometrical span, {.e., the
ometrical location of the tip vortices depends upon the shape of the wing tips; and that some parasiiv drag
{ginates fxxmiithe wing tips, its amount also depending upon the shape of the wing tiv. Using these resulis,
optimum wing-tip shapz is described. This wing tip has a sharp side edge, its plane form shows e

~ner at the trailing edge aad its upper surface extends approximately straight to the end. Emplying this

1d of wing tip the climbing speed is increased in the order of 1 ft/sec and the range by 1 or 2%, in compark
1ty dissdvantageous (ip shapes.

Coples of this rrport ohtatnable from CADO (2

Aerodynamics (2) Wing tips ~ Aerodynamics character-
Wings and Airfolls (6) istics (99147.193); Vortex Thoory (97280)
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ABSTRACT

The author studied tho asrodymamic characteristics of wing tips, and ha
did, and had German research institutions do, experimental invectigations
concerning the mechanism of ths tip vortices and the 1lift/drag ratio of a wing
fittad with several differently shaped tip caps.

There are two ways in which tiw: wing tips affect flow and forces on a
wings (a) OGonsidering the tip vortices the effective span of a wing does
not coincide with the geometrical span; that is, the geometrical location of Lie
tip vortices dapends upon the shape of the wing tips. (b) Some parasite
drag origimtes from the wing tips, its amount also depending upon the shape
of the itip caps,

The main results of the tasts as msntioned, are presented in this report,
and the optimum wing-tip shape (No. 5) is described in Figure 9. This tip cap
bas a sharp side edge, its plane form shows a carner at the trailing sdge ard
its upper surface extends approximately straight to the and. Paploying this
kind of wing tip the climbing speed is increased in the arder of 1 ft/sec and
ths range by 1 or 2%, in comparision to disadvantageous tip shapes.
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AYRODYNAMIC SHAP® OF TH® WING TIPS

I, Location of Ths Wing-Tip Vortices

From each tip of a wing a sharply deterzined vortex is origimating, These
tip vortices must not be confusnd with the vortex sheat originating from the
trailing sdge of the wings This sheet transforms itself very soon into the
pair of tip vortices. Fige. 1 shows the formtion of one of the txu ilp vortices,
made visible when releasing gasoline through an emsrgency outlet at the 1léft
wing tips The two vartices form a stable system (horsmshoe vortex), the inherant
momentum of which is tha equivalent of the induced drag., Like this drag, tha
vortices camot e avoided in practical airplane construction.

Pffective Span

The distance b; between the two vartices is a measure of the effective
span of the wing. If measured along the trailing edge of the wing, by is
usually smsl¥’than the actual span b by 108 a 20% of the wing chard. The
larger the value of by, the smaller is the induced angle of atZack and the
induced drag and the greater the 1lift curve slope. Ths induced drag is an
important property of the wing «f an airplana; the slops is of special interest
when using the wing as a horizontal tail swrface.

Figure 2 shows the geomstric location of tk» tip vortex core for six
different tip shapes, as measurad in Ref. 3. The tips No, 1, 2 and 6 present
the largest effective spans by. Evidently the trailing edge of the wing tip
is important, direciing the vortex as far outward as possiblas,

Side Pdges

The tips 1 in comparison to 2, and L in comparison to 3, show larger by
values, Obviously the sharp side edges are advantageous; on the other hand,
well rourded edges facilitate the flow around them, from the lowar to the
upper wing surface, as illustrated with tip No. 2 in Fig. L.

Lift Curve Slope

Filgure 3 showa the relation tetween the 1ift curve slops and tha distance
by of the varticss; for the aspect ratic 3 as used with “he experiments in Ref, 3,
From the lifting lins thaory

dx_ a’a) . aa, / /

- g AEpE——— - S —— : anem— + o e—

o dCloe  JC 27 TH
Takine dnto acrount the influanca of the wing chord am convartino the ancls
of attack into degrees, it is derived in hef. 8:

(1)

10
AR S . (2)
dC, :
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wit:, ils. ch33en as to match the experimental points in Fig. 3 and A; indicating
the nfiactivs aspect ratlo = (b°/3) = 4A. In the present case 4Ai = 2y/c was
takenr “rom ,. 2 as measured on the prolongation of the wing trailing edge.

nd-Plate Effect

The points 1 and 5 lie below the calculated curve. It was leurned from
the feometrical measurements on the tip vortices, that these two tip shapea
have a vortex-core location which is approxizately 5% of the wing chord M gher
taan with the other fams., In effect this location msans a formation cf the

vortex sheet leaving the trailing edge, similar to that of a wing fitted with
small and plates,

Ref. L confirms thia effect, A eircle wing with the upper surface running
straight from side edge to side edge, shows a higher 1lift/drag -atio than a
symmetrically designed wing, That mesans, the effective wing span is somewhat
increased, cwing to the dihedral effect,

Rolling Mompﬂg

The rolling moment of a wing due to yaw, is affected by a wing tip similar
to No, S in Fig., °. VWith a wing of aspect ratio 6, a thickmess ratio t/c « 12%
and a trapezodial plan form having ctig(‘ccent = 0,6, the form No. 5 or the

tip cap 4s recommrnded in Part V, prese an alfect equivalent to approximately
1.5° of positive wing dihmdral.

II. Parasite Wing-Tip Drag

Figure L shows the side component of the flow at the wing tip as derived
from visual observations in a water tumel (Ref 2). A larger or snaller amount
of parasite drag is connected with this flow, owing to flow separation, Ita
zagnitude was determined by momentum loss measurem:nts within the vortex care
(Raf 5); that is, measurements were conducted in the wake of a wing model,
employing a smll sphare (2-dimensional yaw head) far determining pressurss and
angles of the local flow, At zero 1lift the parasite tip drag depends on the
shape of its forward portion. Tips well rounded toward their leading edge

present a small negative amount of tip drag, obviously owing to tha fact that
the 2~dimensional wing fiow is changed to a 3J-dimensional near the tips.

Parssite Drag Depending Upon Lift

At positive 1ift coafficimnts Fig, S Indicates relatively smail crag
coafficisnts for all the sharp edges (Mos. L, 5 and 6). PFvidently they match
the naturel flow shown on Fig. L meh better than the squars and blunt shapes

Nes. 1 and 2. Accordingly the lattar show a parasite drag approximta ly t=ice
RS larga as the sharp-edged forms.

The parssite tip-drag must not be confused with the induced drag. Howavaer,

simiiar to thils ons, it incraases with a high powsr of Cy. From Fig. 5 4t can btw
imrivaed fur a valr of sharp-adged tip caps that

4D ;
Gy, = acl ™ oo §
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ITI. Feorea Msasuremants on Wigg_a_

“xpsrimsnts on & Wing Series

Fib. & shows the 1ift and drag coefficients for a wing with aspsct ratio 3,
fitted with the 6 different tip caps as illustrated in Fig. 1. Neglecting No, 1,
which naturally is the worst at small 1ift coefficients, the Nos. 5 ard £ are
the best ones; that means they show the nighest lift/drag ratios. Applying the
knowledge acquired in the Paragraphs I and II, the efficiency of the different
tips can be attributed to the following causes:

Tip sha Lirs Ars Regult Due to: =
1l high Sharp side edge and complete trailing edge.
2 low Round side edge, in spite of cowplete trailing edge.
3 low Round side edge, cut-away trailing edge.
4 low Cut-away trailing edge, in spite of sharp side edge.
S high Sharp side edge and rathsr complete trailing edge.
6 high Sharp side edge, full trailing adge.

Shape No, 5 follows best the natural flow dirsction, as shown in Fig. L. This
nusber and No, 1 show in addition a favorable end plate effact as axplained

before, Tvidently those tip forms are ths best which employ sharp side edges
and complete ar full trailing edges. It can also be seen from Fig. 6 that

tips 1, 5 and 6 have the highest C values, probably owing to the effect of
the trailing edge. Conaidering practical application, tip No. 5 is preferred
uover No, 6 because of simpler design and construction.

Wing-Tip Tanks

The worst form, as far as lift and drag is concernesd, is the No. 2,
because of ita well rounded edge, which allows the flow to get around it from
the lower to the upper side, as shown in Fig. L. In this connection Fig. 7
furnishes further informtion, presenting the infiumnce of a wing-tip shape
similar <o a smll drop tank, Owing to this tip form, the lif t-curve slope
is decreased by 5 and 9% respectively as compared to conventional tip shapes,
That means, the induced angle of attack (and accordingly the induced drag
is increcsed by spproximately 11 to 20% in this case. However, different
axparimental results on a pair of tip tanks are nresented in Ref.6. Upon adding
tne tanks t0 the wing the lift/drag ratic is somewmt incrmased above Cy, = O.le
Obviously in this case the tanks act like endplates, thair dimenzicons being
much larger than those in Figs. L and 7; d = 6 ttgp and 1= 3 By1p . In fact it
13 possible to compute a difference aof induced drag as measured when taldng into
sccount both the andplate effect and the wing span, which 1s somewhat anlarged
oy the tanks,

P 1 Nad . . s v ot wme
Txperizantal Data

In Fig. 8 genaral data are given, indicating the effective aspect ratio
of various wing forms. dn addition to the aystamatic measurmment= of Ref, ],
°0Ur ZoTA rafersnCms luve omsn used, indicating especially the values of
~iilptical and awept wings. It i3 remarkabls that the »lliptical plan form



~rACt.c3lly A0e9 not present the smallest possible amount of induced angle and
inducen urse ae pradictad by theory, especially not if the quarter chord points are
Uned o on the lateral wing scdis. In this case {see Fig. 8), not only a rear
dorrer iz missing, but the wing looks like & large portion of wing area was cut
aff at the outer part of the traiiing edges Such a cutting of T results in shifting

the tip vortex imward, as shown :n Fig. 2, and in reducing the effective wing aspeact-
ratic corresprondinglye.

Swept, ﬂgu

Considering swept wings from various sources (Ref 7), itis found that the
minisum induced drag and the mximum 1ift curve slope are attained approxizmately
at an angle of sweep Y= ¢ 50; with ¢ masured on the quarter chord line,
This amount of positive sweep wans for the aversge trapezoidal wing slmost 2
gtraight wreiling edge. Here again, the importance of the trailing edge is
obvious; sccarding to Fige O an effective aspect ratio is obtained which is
slightly larger than the geometrical ore.

IV, =®ffect on Flight Performances

From Fig, 1 or 8 it can be zeen tmt the advantageous tip shapes act
approximately as if the aspect ratio of the wing was enlarged by 4A = 0.3 over
that of some of the disadvantageous wing forms, In the case of an averags
military airplane, with W/S w 4O 1b/ft¢ and Cr3/Cp2 = 150 and A = 7, therefore,
by changing the tip shape from No. 2 or 3 to No. 5, the climbing speed is
increased at the rate of 1 ft/sec. Also concerning range, the shape of the wing
tips has a certain bearing. Corresponding to 44 = 0.3 the range is increrased
by i or 2%. These improvesments are not large; but they can be accomplished by
roper design without any dissdvantages or additional expenditwres in construction.
Of course, tha affect on the flying quelities (rolling moment), as presented by
a tip shape similar to Mo. 5 (Fig. 2), bas to be considared too.

V. Practical Dasign of the Wing_Tip Caps

The ¢ip form srpraring a3 the most advantageous in Figs. 5 and 6 is the

No. 5, besides No, 6. If, by imagination, ths end of a sufficiently long
trapszodial wing became s cut off {rom belov in an oblique dirsction, autcmatically
the bssic form of No. 5 is obtained., This shape has to be rounded in its

farward part, approximately up to the maximum span, Finally, bty fairing the
sransition from the lower wing surface towardthe tip and by replacing tlm plune
~ut surrace by a curved one, thes shape as shown in Fig. 7 1s obtainad,

The span of the tip cap is approximately @ = (0425 to 0.,30) €y The
Wlaran miynt he sytanded up ‘0 Lhe rear cormer. The design S to be adjusgted

faithfully to thickrmses reatios and section shapes differmnt from the exanple
*a shown in Flg, 7,

Aing-* 1o cans Aeaigned according to the rules outlined above, have heen
. -d b PRI QU I . - ' . .
T LtE ATTAR AU eoes, as the Fleselar 2960 Lie vunxers 50 and mith Lhe more
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recent veraions of the Junkers 87 and 38, Frobably there zre also American
dmgiihs incorporating similer principles.
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Fig.l.~ Flow Tattern Behind an Airplance . From
/.uffm'r:en 1942 P.Joé. The Flow was made Viigible

by Releasing Guseline through Emergency Outlots.
From the Tai( the Gasoline Dropletc Follow the
Downwarh. From the Lefi Ning Tip the Gasoline
Concentrates Within the Vovtex Core.
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